Absorption of photons by pigments in photoreceptor cells results in photoisomerization of the chromophore, 11-cis-retinal, to all-trans-retinal and activation of opsin. Photolysed chromophore is converted back to the 11-cis-configuration via several enzymatic steps in photoreceptor and retinal pigment epithelial cells. We investigated the levels of retinoids in mouse retina during constant illumination and regeneration in the dark as a means of obtaining more information about the rate-limiting step of the visual cycle and about cycle intermediates that could be responsible for desensitization of the visual system. All-trans-retinal accumulated in the retinas during constant illumination and following flash illumination. Decay of all-trans-retinal in the dark following constant illumination occurred without substantial accumulation of all-trans-retinol or 11-cis-retinol, at a rate approximately equal to visual pigment regeneration (t 1/2 5 and t 1/2 7 min, respectively). All-trans-retinal, generated by constant illumination, decayed 3 times more rapidly than that generated by a flash and, as shown previously, the rate of rhodopsin regeneration following a flash was 4 times slower than after constant illumination. The retinyl ester pool ( \ 95% all-transretinyl ester) did not show a statistically significant change in size or composition during illumination. In addition, constant illumination increased the amount of photoreceptor membrane-associated arrestin. The results suggest that the rate-limiting step of the visual cycle is the reduction of all-trans-retinal to all-trans-retinol by all-trans-retinol dehydrogenase. The accumulation of all-trans-retinal during illumination may be responsible, in part, for the reduction in sensitivity of the visual system that accompanies photobleaching and may contribute to the development of retinal pathology associated with light damage and aging.
Introduction
A cascade of enzymatic reactions in photoreceptor cells of the retina converts light into an electrophysiological signal [1, 2] . The first step of phototransduction is the absorption of a photon by the chromophore of the visual pigment, which causes rapid photoisomerization of 11-cis-retinal to all-trans-retinal [3] . Cis-and trans-isomers of the chromophore produce different effects on visual receptors. 11-cis-Retinal, covalently coupled to transmembrane Lys296 via a protonated Schiff base, lowers the basal activity of opsin to unmeasurable levels. In contrast, all-trans-retinal, bound to opsin via a deprotonated Schiff base (metarhodopsin II), induces transient, full activation of the receptor in milliseconds after illumination. Ultimately, the Schiff base is reprotonated and hydrolysed to release all-transretinal, which can form non-covalent, partially active complexes with opsin [4, 5] . It is uncertain whether these complexes are present in high concentration in 6i6o, or whether their concentration is limited by reduction of all-trans-retinal by all-trans-retinol dehydrogenase 2 and subsequent removal of all-trans-retinol from the outer segment. Opsin and/or its complexes with all-trans-retinal are likely to set the sensitivity of the retina during bleaching adaptation (reviewed by Fain et al. [6] ).
Restoration of the inactive receptor conformation in vertebrates requires the formation of 11-cis-retinal from an all-trans-precursor via a pathway of enzymatic reactions called the visual cycle [3] . The first step of the visual cycle, the reduction of all-trans-retinal to alltrans-retinol, takes place in photoreceptor outer segments, whereas the other reactions, including the isomerization, occur within the retinal pigment epithelium (RPE) [7] [8] [9] 3] . In contrast to phototransduction, the reactions of visual pigment regeneration are poorly characterized. With one exception [10] , none of the enzymes has been molecularly characterized, the regulation of the pathway is not understood, the molecular bases of differences in rod and cone visual pigment regeneration are not known and the relationship of visual cycle defects to retinal pathology has not been examined.
In our daily lives we are exposed to continually changing intensities of illumination, which establish steady-state levels of bleached visual pigments through opposing bleaching and regeneration reactions [11, 12] . However, much of our knowledge of the visual cycle in mammals has been obtained from studies employing prolonged, intense illumination [13 -18] , which have shown the transient appearance of all-trans-retinal and a subsequent rise in the concentration of all-transretinol and/or retinyl esters. As important as these studies were in forming our concepts of the visual cycle, they are of limited value in predicting the levels of retinoids or opsin that would accumulate under constant illumination. Knowledge of these levels would more clearly define the chemical nature of the molecule(s) responsible for the desensitization of the retina that results from bleaching and would reveal the rate-limiting step of the cycle because the retinoid that accumulates would probably be the substrate for the slowest reaction. The present study focuses on an analysis of the retinoids that accumulate in 6i6o in the rod-dominated mouse retina subjected to physiological levels of steady illumination. The results indicate that regeneration of visual pigment is limited by the reduction of all-trans-retinal to all-trans-retinol and suggest that complexes of opsin and all-trans-retinal could play a role in the control of the sensitivity of the visual response.
Materials and methods
All experiments involving animals employed procedures approved by the University of Washington Animal Care Committee and The American Veterinary Medical Association Panel on Euthanasia [19] . Animals employed in these experiments were males and females of several pigmented strains and were young adults (ages 3-6 months).
Constant and flash illumination
Left and right eyes were collected in groups of five and analyzed separately.
Dark
Animals were maintained in cages in complete darkness for 6 h and sacrificed under red illumination by cervical dislocation. The eyes were removed (less than 5 s after death), rinsed in distilled water and the muscles trimmed. The anterior portions including the lenses were removed and the posterior poles were collected in foil-wrapped, Eppendorf tubes in dry ice/ethanol. The time between death of the animal and freezing of the tissue was approximately 60 s.
Flash illumination
Each animal was independently subjected to three consecutive flashes (distance from flash, 3 cm; flash duration, 1 ms) from a photographic flash unit (SunPak Thyristor 433D, SunPak Division, Hackensack, NJ) and sacrificed by cervical dislocation under dim red illumination. The posterior poles were collected as described above.
Constant illumination
Animals in cages were placed 60 cm below a pair of 20 W fluorescent lamps for 90 min, a time sufficient to establish a steady state of visual pigment bleaching (equivalent to 54 ft-cd cage illuminance [20] . Animals were monitored during the illumination to ensure that they remained active. Following cervical dislocation, the tissue was collected in the light as described above.
Regeneration time course
Following flash or constant illumination, animals were placed in the dark for the indicated times and tissues were obtained as described.
Extraction of retinoids
All procedures involving retinoids were carried out in red light to avoid photoisomerization and photodecomposition. Frozen eye tissue was placed in a Duall glassglass homogenizer in 0.1 M MOPS, pH 6.5, 0.2% SDS, 10 mM NH 2 OH (1.1 ml per 5 eyes) and 0.2 pmol of [ 3 H]all-trans-retinol (10000 dpm) (NEN Life Science Products, Boston, MA) was added. This amount of retinol was not detectable by absorbance but allowed the extraction yields to be determined for each analysis. The sample was homogenized and incubated for 30 min at room temperature to allow formation of retinal oximes. Following addition of 1 ml of ethanol and 4 ml of hexane, the homogenate was drawn up and down in a Pasteur pipette and centrifuged (in the homogenizer tube) at 900× g for 2 min. The upper phase was removed and the extraction repeated following addition of another 4 ml of hexane. A portion of the combined hexane extracts was taken for liquid scintillation counting and the remainder was dried with flowing argon. The residue was dissolved in 200 ml of hexane and analyzed by HPLC. The recovery of [ 3 H]all-transretinol was used to correct for losses during extraction.
Analysis of retinoids
Polar retinoids (retinols and retinal oximes) were resolved with a silica HPLC column (Supelcosil LC-Si, 150× 4.6 mm, 3 vm particle size, Supelco, Bellefonte, CA) equilibrated with hexane: ethyl acetate: dioxane: 1-octanol (92: 6.6: 0.8: 0.8, v/v) (modified from Landers and Olson [21] ) at a flow rate of 1 ml/min. The absorbance of the effluent was monitored simultaneously at 325 and 350 nm. Elution profiles are shown in Fig. 1 .
The isomeric composition of the retinyl ester pool was established by HPLC analysis of all-trans-and 11-cis-retinol generated by saponification with 0.06 N ethanolic KOH for 30 min at 55°C [22] . Saponification of 11-cis-retinyl acetate proceeded with \ 95% retention of the 11-cis-configuration.
Retinyl esters were analyzed in separate determinations employing the same HPLC column described above, equilibrated with hexane. After injection of the sample, the following program of solvent changes was run with a flow rate of 1 ml/min (numbers are the volume ratios, hexane:ethyl acetate): 1 -10 min, 100:0; 10 -20 min, 99.5:0.5; 20 -35 min, 90:10; 35 -50 min, 100:0. Cis-and trans-isomers of retinyl esters eluted together at 18 min, well resolved from other retinoids (results not shown).
Quantification of retinoids
Standard curves for all-trans-retinol and 11-cisretinol (at 325 nm), the syn and anti isomers of alltrans-and 11-cis-retinal oximes (at 350 nm) and all-trans-retinyl palmitate were generated by HPLC analyses of varying amounts of each of the compounds. Values of pmol per unit area were derived over linear portions of the relationship and used with the extraction yield of [ 3 H]all-trans-retinol to determine the amount of retinoid in tissue extracts.
Determination of rhodopsin
For each determination, five eyes were cut in half, homogenized (10x, glass -glass homogenizer) in 800 ml of 10 mM BTP buffer, pH 7.5, containing 10 mM dodecyl-i-maltoside and 5 mM hydroxylamine (freshly neutralized) and centrifuged at 14000 rpm for 6 min (Eppendorf 5415C bench top centrifuge). The pellet was rehomogenized as described above with an additional 800 ml of buffer and the supernatants were combined and centrifuged at 100000× g for 10 min (Beckman Optima TLX ultracentrifuge). Spectra were recorded before and after complete bleaching. The concentration of rhodopsin was determined from the magnitude of the decrease in absorbance at 500 nm, using an extinction coefficient of 42000 l/mol per cm.
Preparation of ROS membranes
Photoreceptor membranes were purified using a continuous linear sucrose density-gradient prepared by pumping the output of a gradient mixer containing 5 ml of 1.15 g/ml sucrose and 5 ml of 1.11 g/ml sucrose into a 15 ml glass centrifuge tube. Both sucrose solutions were buffered with 67 mM potassium phosphate, pH 7.0. Ten mice were exposed to constant illumination for 1 h or dark adapted for 3 hr. At intervals of 2 min, one mouse was transferred to the dark and immediately sacrificed. The retinas were removed and frozen in dry ice/ethanol to stop metabolic processes. After thawing, the retinas were homogenized with 2 ml of 67 mM potassium phosphate buffer, pH 7.0, containing 5% sucrose and 10 mM hydroxylamine (freshly neutralized) and agitated with an Eppendorf shaker (Model 5432) for 15 min at room temperature. The suspension (2 ml) was layered on top of the continuous sucrose density gradient and centrifuged for 150 min at 26000 × g. ROS membranes were collected from the interface and diluted 1:1 with 67 mM phosphate buffer, pH 7.0, transferred to four 1.5 ml microfuge tubes (Beckman Instruments) (1.4 ml per tube) and centrifuged at 300000×g for 15 min. The supernatant was decanted and the pellets were stored at −80°C for retinoid, SDS -PAGE and immunoblot analyses with antiarrestin.
Results
The animals employed in these studies were pigmented, young adult mice of both sexes and several strains. Each data point shown in the figures represents five mouse eyes and n values refer to the number of groups of five. The minimum n for reported experiments is five (25 mice). The observed large variation in the levels of retinoids can be attributed, in part, to the use of a heterogeneous population of mice.
Analysis of retinoids
Retinals were derivatized with hydroxylamine to ensure complete extraction from visual pigments denatured with 50% ethanol and 0.2% SDS. Retinal oximes (both syn-and anti-isomers) and retinols were well resolved on a silica HPLC column employing a hexane mobile phase with dioxane, ethyl acetate and 1-octanol as solvent polarity modifiers (modified from Landers and Olson [21] ) ( Fig. 1(A) ). Retinyl esters were not retained on the column with this solvent and were analyzed independently, as described below. The only polar retinoid detected in dark adapted mice was 11-cis-retinal (detected as the syn-and anti-retinal oximes) ( Fig. 1(B) and 2(upper) ). This observation confirms findings of other investigators [13, 15] and demonstrates that the extraction and derivatization procedures employed do not result in retinoid isomerization. Good agreement was obtained for the measured amounts of rhodopsin (right eyes, by difference spectroscopy) and 11-cis-retinal (left eyes, by HPLC as oximes) (Fig. 2) . Approximately 500 pmol of visual pigment per dark adapted mouse eye were found in this experiment (mean 498, n= 11), a value in reasonable agreement with those reported by other investigators [23, 24] . Sampling of retinoids at various times during constant illumination indicated that the bleaching and regeneration of visual pigments reached a steady state in less than 15 min (results not shown). An illumination period of 60 min was employed for most studies. Sacrificing the animals and dissecting the eyes in this illumination resulted in the bleaching of 35% of the visual pigment (see Section 4).
Bleaching of 30-40% of the visual pigment with three flashes (Fig. 1(C) and 2(middle) ) or constant illumination ( Fig. 1(D) and 2(lower) ) generated primarily all-trans-retinal (detected as the syn-and anti-retinal oximes) and only a relatively small amount of all-transretinol ( 5% of the total non-polar retinoids). Flash illumination did not result in appreciable photoreversal, as judged by the absorption maximum of extracted rhodopsin at 498 nm (no isorhodopsin) and by HPLC analysis of extracted retinoids (no 9-cis-retinal). Animals maintained at constant illumination appeared to have approximately 15% more total polar retinoids than dark adapted controls (compare Fig. 2(upper) with Fig. 2(middle or lower) ); however, this difference was not statistically significant. When mouse eye cups (or isolated retinas) were exposed to constant illumination, all-trans-retinol was the major retinoid that accumulated, demonstrating significant differences between in 6i6o conditions and those often used in biochemical and electrophysiological experiments (results not shown).
For most of the studies reported here, retinoids were extracted from the posterior pole of the eyes, which included retina, RPE and choroid. The site of accumulation of all-trans-retinal was further localized by comparison of the trans-fraction of retinal oximes (all-trans-retinal oxime/total oximes) in retinoids extracted from the posterior pole and from dissected retina. Identical values of this fraction were found in the two tissue fractions, indicating that all-trans-retinal accumulates in the neural retina and most likely in photoreceptor outer segments. Examination of the retinoids present in the eyes of mice carrying a mutation 3 that causes photoreceptor cell degeneration provided further indication that the polar retinoids observed in these studies were associated with photoreceptor cells. Histologic examination of these animals revealed a nearly complete loss of photoreceptor cells with a normal appearing retinal pigment epithelium. Analyses revealed the presence of 4.7% of the normal amount of polar retinoids and no detectable rhodopsin (results not shown).
Retinyl esters were examined in separate analyses. For dark adapted animals 200 pmol of retinyl ester per eye (192972, n =10) were found, similar to the value of 280 pmol/per eye reported by Smith et al. [25] . In animals subjected to constant illumination, the retinyl ester pool size was 215994 (n= 8). The difference in the two ester pool sizes was not significant, owing to considerable variation in the values obtained. The isomeric composition of the retinyl ester pool in the dark ( 97% all-trans-and 3% 11-cis-retinyl ester) was not altered by constant or flash illumination.
Kinetic studies
The rates of visual pigment regeneration and decay of all-trans-retinal in the dark were examined in animals subjected to constant illumination that established a steady state of approximately 35% bleached visual pigment. At intervals in the dark, rhodopsin concentrations (right eyes) and retinoid compositions (left eyes) were determined. Decay of all-trans-retinal (Fig. 3 , right panel) was complete in approximately 10 min (t 1/2 5 min) without substantial accumulation of alltrans-retinol. This indicates that diffusion of all-transretinol to the RPE and esterification are fast relative to reduction of all-trans-retinal to all-trans-retinol. Regeneration of rhodopsin (Fig. 3, left panel) was complete in about 15 min (t 1/2 7 min). The similarity of the t 1/2 values demonstrates that visual pigment regeneration occurs only as fast as all-trans-retinal is reduced.
The rate of disappearance of all-trans-retinal was compared in animals with approximately 35% of their visual pigment bleached by either flash or constant illumination. The results, shown in Fig. 4 , indicate that decay of all-trans-retinal is approximately 3-fold faster after constant illumination than after a flash (t 1/2 5 and t 1/2 17 min, respectively). A molecular explanation for this phenomenon is not known with certainty, although it has been observed by other investigators (for example, [14] ). It is possible that flash illumination generates intermediates that rearrange to forms which release all-trans-retinal more slowly.
We observed a regeneration half-time of 15 min following a flash that bleached 30% of the mouse visual pigment (Fig. 4) . In albino rats, the time constant for regeneration varies with the fraction of visual pigment bleached [26] , leading to complex regeneration kinetics. However, after conversion to a half-life, the time constant (~) reported for a 30% bleach (17 min) is similar to our measured half-life t 1/2 =0.693~;~= 17 min, t 1/2 = 12 min, indicating that the pigmented mouse behaves similarly to the albino rat in this regard.
Arrestin binding to photoreceptor membranes
The accumulation of all-trans-retinal during constant illumination may generate active species of photolysed rhodopsin (covalent and non-covalent) that are capable of binding arrestin and/or its splice variant or proteolytic forms [4] . To test this possibility, ROS membranes were isolated from the eyes of dark adapted animals and from those exposed to constant illumination. This method provides only a qualitative indication of changes in membrane-associated arrestin because losses of soluble and membrane-associated, truncated forms of arrestin during ROS membrane purification are not known. As shown in Fig. 5 , steady illumination results in the accumulation of more membrane-associated arrestin compared with the dark adapted controls. The truncated forms of arrestin also showed a similar accumulation but to a lesser degree, most likely because they are membrane-associated even in the dark [27, 28] . These studies are the first to demonstrate arrestin binding in 6i6o in a vertebrate retina and are in agreement with the proposed role of arrestin in phototransduction. The role of arrestin in the visual cycle is unclear at this point and requires further studies.
Discussion
Much of our present view of the visual cycle results from measurements of retinoids in the eye present in the dark or following extensive bleaching. Early studies employing this approach were important in demonstrating the processing of retinoids in both retina and RPE and the flow of retinoids between these two tissues [13] [14] [15] [16] . Several considerations suggested that further application of this approach would help resolve some of the remaining questions. First, HPLC analysis of retinoids now offers much better resolution and quantification than methods available to pioneering investigators. Second, the albino rat, employed in many of the early studies, is very susceptible to light damage [29] and, in contrast to other vertebrates, does not accumulate retinyl esters in its RPE [13] . Third, the intense light used to bleach visual pigments in many early studies results in slower regeneration (in rodents) than steady-state illumination [14] and poorly mimics physiological illumination. Finally, knowledge of the visual cycle acquired over several decades of study now permits additional hypothesis-directed experiments.
We chose pigmented mice for our studies not only because they are easily handled and cared for under different lighting conditions, but also because advances in genetic engineering now permit the targeted disruption of genes. Establishment of the normal values for visual cycle retinoids in these animals will provide the foundation for subsequent studies of animals bearing specific point or null mutations in genes coding for visual cycle and phototransduction enzymes and proteins.
Experimental time resolution
Retinal densitometry has established that a steadystate level of bleached visual pigment is reached in humans subjected to various levels of constant illumination, in which bleaching and regeneration rates are equal [11] . The time-resolution of our biochemical procedures does not allow an estimation of this steadystate level without perturbing it. For example, sacrificing the animals and dissecting the eyes ( 60 s) in constant light allows bleaching to continue undiminished, while the regeneration rate decays slowly after death of the animal and results in an observed 35% bleach of visual pigment. Sacrificing the animals in the dark produces the converse situation, namely instant arrest of bleaching with slow decay of the regeneration rate and an observed 15% visual pigment bleach. The true steady-state level of bleached visual pigment is likely to lie between these two extremes. In the experiments described here, animals subjected to constant illumination were sacrificed and tissues dissected in the light. All other animals were sacrificed and tissues dissected under dim, red illumination.
All-trans-retinal accumulates in bleached retinas
Our studies reveal that all-trans-retinal is the only polar retinoid to accumulate in the rod-dominated mouse retina during steady-state and flash illumination. It is also interesting to note that the fraction of retinals in the all-trans-configuration mirrored the fraction of bleached visual pigment. For example, an illumination level that bleached 30% of the visual pigment converted approximately 30% of the retinals to the all-transconfiguration. This demonstrates that there is little accumulation of opsin under these conditions, a result that will be discussed below in its relationship to bleaching adaptation. The failure to observe an accumulation of other polar retinoids indicates that all steps in the regeneration cycle subsequent to the reduction of all-trans-retinal by all-trans-retinol dehydrogenase [30] are rapid.
Identification of the retinoids that accumulate during or following illumination provides information about the slowest step in the cycle. If oxidation of 11-cisretinol were the slow step, this retinoid would accumulate during bleaching. Similarly, if isomerization or hydrolysis of retinyl esters were the slow step, one would observe an expansion of the retinyl ester pool and/or alteration in its isomeric composition. If transport of all-trans-retinol to RPE or its esterification were the slow step, all-trans-retinol would accumulate. Our results, which demonstrate an accumulation of alltrans-retinal, suggest that all-trans-retinol dehydrogenase [30] catalyses the rate-limiting step of the visual cycle.
This conclusion is bolstered by the observation that the rate of decay of all-trans-retinal in the dark was approximately equal to the rate of visual pigment regeneration (Fig. 3) . Thus, all-trans-retinal was slowly reduced and all-trans-retinol was promptly used to produce 11-cis-retinal for the regeneration of rhodopsin. Nearly all the retinyl esters of mice employed in our studies were of the all-trans-configuration (\ 95%) and the isomeric composition did not change during bleaching. Thus, regeneration of visual pigment had to depend nearly entirely on de no6o generation of 11-cis-retinoids by the isomerohydrolase [31] . Constant illumination appeared to produce an expansion of the retinyl ester pool by approximately 12%; however, considerable variation in the values for retinyl esters was observed, perhaps related to using a heterogeneous pool of animals and the difference in the size of the pool in dark adapted and illuminated animals was not statistically significant. A more precise determination of changes in the retinyl ester pool will require further experimentation with a more homogeneous population of mice.
The generation of all-trans-retinal following flash illumination is in agreement with previous investigations [13, 15] and its accumulation during constant illumination is consistent with spectroscopic studies that have demonstrated the persistence of bleaching intermediates containing all-trans-retinal (meta III and Nretinyl phosphatidylethanolamine) (discussed in Alpern [11] and Lewis et al. [32] ).
Schiff base hydrolysis
Although reduction of all-trans-retinal would appear to be the rate-limiting step of the regeneration cycle based on observations reported here, we think it is likely that the rate of reduction is limited by the rate of delivery of all-trans-retinal to all-trans-retinol dehydrogenase. Constant illumination of the retina generates steady-state levels of a number of species present in the phototransduction cascade as reactions responsible for their production and decay reach equilibrium. Release of all-trans-retinal from several of these species by hydrolysis of the protonated Schiff base is likely to occur at various rates. For instance, addition of ATP to a bleached photoreceptor membrane preparation reduced the rate of reduction of all-trans-retinal generated by bleaching, probably by phosphorylation of opsin and production of stable complexes with arrestin [33, 4] . Thus, the rate-limiting reaction of the visual cycle may be hydrolysis of the Schiff base and/or release of all-trans-retinal from photoactivated complexes.
Rele6ance to aging
Recently an orange, fluorescent pigment consisting of two moles of retinal and one mole of ethanolamine was isolated from lipofuscin, the aging pigment that accumulates in RPE [34] . Shedding of rod outer segment tips and phagocytosis by the retinal pigment epithelium occurs in mammals shortly after onset of illumination in the morning [35] . Our results indicate that illumination would rapidly generate substantial amounts of all-trans-retinal, which would then be present in shed and phagocytosed outer segment disks and could serve as substrate for the postulated condensation reactions.
All-trans-retinal could be depleted by an aromatic amine
Antischistosomal aromatic amines cause night blindness by inhibiting rhodopsin regeneration in individuals taking these drugs [36] . It has been proposed that the mechanism of this inhibition involves ''short-circuiting'' of the visual cycle by Schiff base formation between these aromatic amines and 11-cis-retinal, thereby catalysing isomerization to all-trans-retinal [37] . However, our results suggest that all-trans-retinal accumulates during steady-state bleaching. Schiff base formation between all-trans-retinal and the aromatic amines could also deprive the visual cycle of substrate with eventual depletion of 11-cis-retinal.
All-trans-retinal/opsin complexes could be in6ol6ed in desensitization
Bleaching of visual pigments is accompanied by a decrease in the sensitivity of the visual system that cannot be accounted for solely by the decrease in the amount of visual pigment available for photon absorption, a phenomenon known as bleaching adaptation or light adaptation. The molecule active in setting the sensitivity has not been identified with certainty, although opsin has been suggested (reviewed in Crouch et al. [8] . Because our results demonstrate relatively large amounts of all-trans-retinal in a rod-dominated retina undergoing constant illumination, an active species consisting of a complex of opsin and all-trans-retinal (perhaps noncovalent) [38, 39, 33] needs to be given more consideration. Another intriguing possibility is that during steady-state illumination the majority of the activated all-trans-retinal-phosphorylated opsin complex is withheld from the regeneration/bleaching cycle. This hypothesis is in agreement with the prolonged existence of phosphorylated opsin in 6i6o [20] and the presence of arrestin in bleached membranes, as demonstrated in this study.
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